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PRECHAMBER COMPRESSION-IGNITION ENGINE PERFORMANCE

By CHARLESS. Moore and JOHNH. COLLINS,Jr.

SUMMARY

Single-cylinder comprwion-ignition engine te8t8 were
made to,&we8tigateihe performance churacteristia of the
prechambr type of ylinder head. Certainfundamental
variablmin$d~ enghu performanceham dti-
tribution, size, 8hape, and directwn of the pm8age con-
necting the cytinder and prechamber,8hapeof prechamber,
yt?inder charance, compre88i.onrdio, and boo8tiWere
independently ttxt.d. R& of motoring and of power
Lxt8, inclwi%q 8everaL typiw? indicator carok, are
pre8ented.

Remdt8of the inW8tiga4ionindicate thutfor muximum
performance of this 6- by 7-inch engine at qeeak up to
1,600 r. p. m., the compression ratio 8hould be between
16.6 and 17.6 and the prechumber 8h0uld be m large m
po88ibb, di8k-8hzzped,and connected to the cyklukr by a
&inglapas8age. A strong rotaiionai air @w 8hou-?dbe
crealed in tlw prechumber by introducing the pa88age
tangentially. Fluring 8howUbe empluyedon the cylinder
end of the pm8age to qqreudthe imuing ga.w ouerthefld
piston crown. At 1,600 r. p. m., tha injedion system
should delwer in approximately 20 crank8hqftdegrees the
full-lo adfudin the 8hape ti a “narrowconical a-praywith
high penetration. Thix qway should be dwected acro8s
the dtik chumber toward the mouth of the connecting
pas8age. Boo8ting the irdet-air pre+wureefebely raim+?
ihe power OU@ut. A8 the precluzmberis inuaxxtible for
scavenging and the lack of clearance under tlw ouhxx
prohibits the use of proper &e timing, the prechumber
type of qlinder heudis judged to be incapabk of derelaping
tlu high qwcifi W&W required of aircraft enginw.

INTRODU(YITON

The general problem in the development of aircraft
compression-ignition engines is to obtain complete and
properly timed combustion in the engine cylinder at
high crankshaft speeds. A prime requirement for
complete combustion is that the fuel charge be inti-
mately mixed with the air. Furthermore, combustion
must be so controlled that it is completed early in the
power stroke without combustion shock. In order to
accomplish these requirements, numerous chamber
designs and fuel-spray arrangements have been tried
by different designers with varying degrees of success.
Each has its own relative merits and iti own field of
usefulness

The prechamber, which may be classed as an auxili-
ary-chamber type, has been extensively used. Its
popularity is no doubt due to the simplicity of the fuel-
spray arrangement which may be used and to the
variety of means which may be employed to control
the mixing and combustion of the fuel and air. The
auxiliary chamber may function as an air reservoir to
meter the air to the cylinder, or it may serve as a mixing
chamber in which the fuel charge is prepared for com-
bustion before it passes into the cylinder. When
combustion starts and is partly completed in the auxil-
iarychamber, this type becomes the usual precombustion
chamber.

For designs in which the auxiliary chamber acts as a
prechamber, or mixing chamber, the connecting passage
and chamber have two functions to perform: Firat, the
forced air flow is controlled by the size, shape, and
direction of the connecting passage, these factors be@
selected to give the best mixing in the chamber with the
least loss by resistwce to the flow; and second, the
mixing of the fuel and air is controlled by the size, shape,
and position of the prechwnber, these factors being
designed to conserve and utilize the forced air flow as a
residual flow. After combustion stark, the passage
further functiom.to meter and direct the partly burned,
overrich mixture into the cylinder in such a way that
all the cylinder air is reached by the unburned fuel and
at such a rate as to control the pressures developed in
the cylinder.

& a part of a general reaemch on aircraft-type com-
pression-ignition engines, the Committee has been in-
vestigating the performance to be obtained with the
prechamber type of cylinder head. Most of the work
herein reported has been published as the several inves+
tigations were completed; the purpose of the subject
report is to include the final and unreported work of the
investigation and to combine all the more important
results into a si@e publication.

APPARATUS AND TEST PROCEDURE
TE9T ENGINE

The single-cylinder-engine test unit shown in tigure 1
-wasused in this investigation. This figure shows the
assembly of equipment at the time the investigation
was completed; the original set-up, however, differed
only in minor details. The compression-iggtion 4-
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stxoke+ycle engine had a 5-inch bore and 7-inch stroke. the bulb and the cylinder. When the piston waa at
Orig@dly a single+ylinder Liberty test engine was top center, the ratio of the volume of air in the pear-
used (reference 1), in which the cw+iron head was shaped chamber to the volume of air in tho cylinder was
bolted to a special steel cylinder; the cylinder in turn approximately 1. Prelimirwy tests ah a compression
was bolted to the engine crankcase. Later a more ratio of 13.5 were made to detarmino the Meet of pro-
flexible unit was required, and an N. A. C. A. univemal gressively altering the passage shape.
engine crankcase (reference 2) and cylinder were sub- N. A. C. A. cylinder-head design 7 was made (see fig.
stituted for the Liberty crankcase and cylinder. Stand- 3) to permit a wide range of changes in the connecting
ard Liberty engine parts were used wherever possible. passage and audiary chamber without disturbing other
Fuel, oil, and water temperatures were maintained at parts of the head. By the construction and assembly

FIQUEBL-S@e-@hder en@neand test @miPment.

A 50-76 horsepower electric ‘cradle-tgpe dynamometer
measured the torque and absorbed the engine power.

clmlmlm E13.4Ds

The several cylinder heads used in this investigation
will be described in the order of their use. In the first
design a pear-shaped auxiliary chamber was cast inte-
grally with the head with a l-inchdiameter passage
connecting the chamber to the cylinder. ViZth a
standard higbomption Liberty piston the com-
pression ratio was 9.9. The fit combustion-chamber
design was altared in order to increase the compression
ratio and to create a higher degree of turbulence within
the pear-shaped chamber on the compression stroke
and within the cylinder on the expansion stroke (&g. 2).
The turbulence was generated by locating the %~inch-
diameter passage to produce tangential flow in both

SOO,140°, and 170° F., respectively, during all tests. of different chamber parts and adjustments of the uni-
versal test engine, this cylinder head was readily adopted
to the investigation of a vaxiety of combustion-chamber
forms and variables.

AUXILIAEYTI=T EQUIPMENT

Except for those tests in which the fuel-injection sys-
tem was the variable, the same injection system was
used in all the tests. A speed-reduotion and timing
mechanism, which operated the pump at camshaft
speed, allowed the injection advance angle to be varied
while the engine was running by changing the angular
relation of the fuel cam with respect to the crankshaft.
Varying the duration of the closure of a bypass valve
in the constani%troke pump controlled the quantity of
fuel delivered to an automatic fuel-injection valve. A
single 0.050-inch-diaineter orifice with a length-diameter
ratio of 2.5 waa used in connection with a plain stem.
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The Diesel fuel used inmost of the tests had a specfic
gravity of 0.847 and a viscosity of 41 seconds Saybolt
Univemal at 80° F. Fuel input was measured by tim-
ing electrically the consumption of % pound of fuel oil
while a synchronized revolution counter reoorded the
number of engine revolutions. Air consumption was
measured by recording the time required for 80 cubic
feet to be displaced from a 100-cubic-fook gasometer.
Explosion pressures were indicated by the N. A. C. A.
balanced-diaphragm valve. Indicator cards were ob-
tained with a Farnboro electric indicator. A strobo-
rama was used to determine the injection periods and
injection advance angles. From the indicator cards,

the ignition lags and rates of pressure rise were deter-

~GUEEZ.-Oyllndar-h@ddoim showinglmar+halwi rm30bI@@L - _

mined. The ignition lag is considered as the time in
seconds from the start of injection of the fuel to the
start of pressure rise on the card.

TEST PROCEDURE

After the preliminary investigation was completedj [
more systematic study was undertaken. The most im
portant variables indicated by an analysis of the prob
lem were studied in the following order: clearance dis
tribution between cylinder and chamber, connecting
passage diameter, prechamber shape, cylinder-clearancl

hape, compression ratio, and boost pressure. Through-
out the investigation, only one variable at a time w-as
hanged; all other conditions were held constant insofar
s was conveniently possible. Although in some cases

I Chomber coP F: Fuel-vulve

v --------20 - ●

(8)SPhdcd lnwhnrnhorwith radkl ~

(h) Spherimlprmhiunlxr with tangentle.1and m.dkd(dottad) pas?qe.

sectionA-A

(o)Dfsk+hm?d r@duuIIb=.
PmuBE3.-Oylinder-head desire show@ dfIWentmwhamke.

a dependent f actor changed when an attempt was made
to change a single variable, in no case was this condi-
tion permitted if it was of major importance or if it
was economically possible to vary only the single vari-
able. All pieces of apparatus were calibrated at inter-
vals during the teds and corrections were applied to
the results. During the testing, the barometric pressure
varied horn 29.49 to 30.40 inches of mercury; no attempt
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has been made, however, to correct the data to a stand-
ard pressure, temperature, or humidity because there
is no generally recognized method of correcting com-
pression-iggtion data to standard conditions.
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TESTS AND RESULTS
PRELIMINARY INVESTIGATION

The curves showing the results of the prelimin~
investigation of the prechamber type of cylinder head
are presented in reference 3. Owing to the low com-
pression ratio of 9.9 the engine was diflicult to start.

Acceptable operation, however, was obtained at 1,800
r. p. m. which, at the time these data were iirst pub-
lished, was considered an exceptionally high speed for
compression-ignition engines.

According to the results obtained with the first
cylinder head, the N. A. C. A. combustion chamber 3
(fig. 2) was designed to cause a residual air flow for
mixing the fuel and air (reference 3). This head both
improved the performance and reduced the maximum
cylinder pressures A series of tests was made with
this cylinder head, in which the location of the fuel
nozzle with respect to the walls of the auxiliary chmnber
was varied. With the fuel valve in location 1, the f uel
nozzle was e.stended into the chamber by increments
from the flush position to a point lx inches from the
wall. DitTerent oriiices and spray types were tried,
but no improvement in performance was obtained over
that with the simple spray in the flush position,

With the cylinder head shown in figure 2, the greatest
improvement in performance (fig. 4) was obtained by
shortening the injection period from approximately
04 to 21 crankshaft degrees, although a small improve-
ment may have been due to flaring the cylinder end of
the connecting passage.

CLEARANCBDJBTIUBUTION

As maximum perfonmmce was not the first consider-
ation, the shape of the combustion chamber was not
selected for best performance but to permit the study of
chamber size without introducing a secondary variable.
For this reason, the chamber was made spherical to
permit varying the allocation of the clearance betwwm
cylinder and chamber with a minimum change in the
dmpe of the combustion space. The spherical pre-
chambers plus one-half the connecting passage con-
tained 20, 35, 50, and 70 percent of the totnl clearance
at a compression ratio of 13.5. I?or convenience of
reference, these clearmce distributions will be called
the 20-, 35-, 50-, and 70-percent chambers. Clearnnce
in the cylinder w.s formed between the domed cylinder
head and the domed piston crown.

The connectig passagea were circular in cross sec-
tion, of constant length-diameter ratio, and were flared
at both ends. Each of the four passages ma designed
to have a cross-sectional area proportional to tho
prechamber volume. Thus, at the same engine speed
For each of the four clearance distributions, the oalou-
Iated air velocities through the passages were the same,
Passage diameters obtained by this method were

%, %, %, ~d 4% inch for the 20-, 35-, 50-, and 70-
percent chambers, respectively. The axis of the passage
koluded the center of the spherical chamber and inter-
sected the cylinder & at an tigle of +15°.

The injection-advance-angle range from misting to
flow-able lmocking ma negligibly affected by oleamnce
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distribution. With the fuel valve in the lower hole of pressure rise that varied from T. C. to 3° A. T. C. for
the 20-percent chamber the operating range increased all clearrmce distributions, as determined by inspection
from 12° to 27°, but the power decreased and the smoke of indicator CW&.

and flame of the exhaust increased. The injection. Table I presents additional data on the engine-oper-
advance angle of 7° at 1,500 r. p. m. gave a start of ] sting characteristics.

TABLE I

GENERAL OPERATING CHARACTElUi3TIGCLEARANCE DISTRIBUTION

[Engine@, ljWl r. p. m.; fuel mnsnmpticm,8.OXIO+lbpd.. percent axc83sOfr, Oylfndmhead as ebown fn I%.3 (a); compredon ratfo, 13S N. A. 0. A. 7A
fuelpump an 13Afuelvalv~ 0.0W4nobnozzle;Imgth-dfametarrati, 25]

Operoungdmrmtdstlu

Combustionknmk.._..._..-. .._._-
Ir@ctfonrange,alfowablekncakto ~

C%ntrffoI@spray mmpared to nOn-
rhtrflugal eproy.

Lower fuel-valve pmftion mmpxed
to upper p39ftfon.

O tfmum valva4p3nlng pressure,
!b.&q.fn.

Carlmndepmlta

fmuovatJo~hb-mn expkdon
,..

20-pOrcemtchambm I fiWMrcent&am&r I M-percentchamber

Dnll-Ra@ar ___________ Slfght-~__..._ . . .._ Hard-kmgnlar-____ . .._.
lW B. T. O. to 1°B. T. O--- W’B. T. O. to%’B. T. O---- 11”B. T. C. to 1“B. T. O----

Knmk and performance Knock and performance Knock and performance
slfghtlyworsoformnhifngal wmm for mmtrffngfdspray. wormfor cmh-lfngal~ray.

P%%an m Wersefor lower No &@-------------------- Perf—
PmWonL a. a. rangeW.

m Werra fer lower

am--------------------------- 5,W-------------------------- &www:-----_.-.----_---.

X0------- 103------- m------- lm------- I%..-––- 130-------

l?igure 5 shows that, for the design of prechambers
used in these tests, the minimum volume in the chamber
for good performance is about 35 percent of the total
clearance volume. The inferior performsmce with the
20-percent chamber cannot be attributed to the deposit
of fuel on the VWUSby the noncentrifugal spray because
the centrifugal spray that had insticient penetration
to hit the wrdls gave slightly worse performance. More
power was obtained with the larger chambers because
of the greater quantity of air ready for initial combus-
tion. Air in the cylinder, being distributed over the
piston crown, cannot be effectively reached by the
unburned gasses issuing from the chamber and there-
fore does not materially assist the combustion process.

The motoring and combustion characteristics are
shown in &we 6. The motoring characteristics re-
main nearly constant as the clearance distribution
varies. With the smaller chambars, less air is moved
through the passage and the fiction mean effective
pressure should be less; the decrease in friction mean
effective pressure, however, is slight. Mtium indi-
cated compression pressures are slightly higher in the
chambem than in the cylinder, probably owing to the
method used in measuring the pressures (reference 4).

Figure 6 also shows that clearance distribution does
not have an appreciable effect on ignition lag. This
result may be expected as the conditions of temperature,
pressure, and air speed were held constant during the
tests. For all clearance distributions the prmsure I%M
me straight lines and of such high rates that it is impos-
sible to measure them accurately; the numericsl valuea
are therefore only approximations. As the chamber pro-

70-p3reantOh.8mber

Harder-Im@m
KPTB. T. O. to 1° A.

K&k” and perform-

p%%&&IzI%%

10weIpmitfon.
w.

Chamr&Isoft Oylfndar,
raftacwt

90____ . ML_:

portion increaswj the chamber rate tends to decrease
and the cylinder rate to increase and then to decrease.
The larger chambers containing more air should give
a faster rate of pressure rise because the fuel and air
mixture would have more nearly the correct proportions
for complete combustion. The opposite occurs, how-
ever, indicating tihat the pa9sage size irdluence9 the rate ,
of pressure rise, the larger passages of the larger cham-
bers allowing the gaaes to pass more freely into the
cylinder.

Improvement in exhaust conditions that occurs with
increase of chamber proportions is caused by the availa-
bility of more air for combustion in the auxiliary cham-
“her. llecrwe in the rate of improvement with increased

allocation of clearance to the chamber of more than 35
percent is due to the combination of spray shape and
air flow as used in these combustion-chamber forms.
This combination allows a maximum of approximately
35 percent of the fuel to be mixed with air for eficient
combustion. The remaining fuel is burned either very
late or not at all.

An increaae in chamber volume from 20 to 70 percent
causes the total heat loss to the cooling water to increase
from 21 to 29 percent, owing to the increased quanti@
of fuel burned in the chamber and also to an increase
of approximately 10 percent in the total combustion-
chamber surface area (table II). The amount of heat
loss from the chamber increases with chamber volume
and surface, whereas the amount of heat loss from the
head decreases. As the combustion in the chamber
increases with increased chamber proportion, the cylin-
der heat loss deoreases.

.



54 REPORT NO. 577—NATIONAL ADVISORY COMMI’ITEE FOR AERONAUTICS

TABLE II

EFFECT OF CLEARANCE DISTRIBUTION ON HEAT
LOSS TO COOLING TVATER

[E@ew LEMr.mm; fud conmmpficq3.O”Xw Ib.lcmk B P?i-centesces
afcog derhead rsshown fnflg.3(a); mm reskmratfe,l L@N.&O ..4
7AfMdpompand ,Mfdtimom*AI@*etim.o, ti.l

Ohmnba
IDfstrfbrItfonoflwntlrmtomolfn8 I

Watm

FIGURES.-EIToctof clearancedisMblMorlmle@m3 ~m --,
1~ r. p.m.; fuelOJMUIIIptfOW3.0X 10+lb&llO; 12-t @XEQaiti oylfndw
hmd aY6hOlWfnflsure 3 (a); common ratfo, 13a N. A..O.A. 7AfneJPmIlp
and 13Afnd valw O.fWfnch nmzk%len@h+larrmt6xratfo, M.

Figure 7 shows the general effect of engine speed
and air-flow speed on mean effective pressure and fuel
consumption. The trend iE nearly the same for aJ.I
the chambers with the optimum speed, based on maxi-

mum i. m. e. p., at 1,200 r. p. m. The larger chambers,
because of a more intimati mixture of a larger cluantity
of fuel and air, developed the most po-wer with the best
fuel economy. It is beIieved that the great difference
in i. m. e. p. shown by the curves for the 20-percent
chamber was caused by insufficient air in the small

?xQtmxO.-Eff.W ofdearancadktrfbution onmotorfngrmdmmbnntlonohruaokri9-
tlm. EngfrMsp?ed, l,KC r. p.m.; oylfnderheed m shown fn flgmro8 (a); corn.
IMES@Onratio, 13.5;N. A O.& 7Afo01pump and 13Afmf volve;O.IW.fnohnozdo;
l~o~ m~o, U; fUJWtfOU~~m II@%~ B. T. Q.

:hamber. Explosion pressures of all the chambers in-
mw+.e with speed up to 1,200 r. p. m. because of the
letter mixing of fuel and air and resultnnt faster
mrni.ng. As the engine speed increases above 1,200
:. p. m., most of the curves show a tendermy to fall
)ff. The smaller chambers with small passage areas
:onfine the pressure, giving high chamber and low
:ylinder pressures.

The 50-percent chamber was selected as being repre-
sentative of all the chambem and the effect of speed on
nmbustion characimistica was investigated. Indi-
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cater cards from the other three combustion chambers
gave trends similar to those shown in figure 8, which
is for the 50-percent chamber. & the engine speed
increases, the velocity of, air flow in the passage in-

Ehgine speed r.p.m.

mmm 7.–Effmtof sped on engfnefmrf~. PIld ~Ptf~, 3.0x m+
Ib,loycfe;u porrant em= o@r@fndarhead asshownfn flwro 3 (a);mmm’=fon
rotlo, f3.& N. A. O.A. 7AfuelPMIP and KMfueldV8; O.OWfnchnuzzle;lo@h-
dfometermtlo, 2.6.

creases and the mising of fuel and air in the chamber
is more completa with more rapid combustion and
higher rru%aof pressure rise. Successive engine cycles
varied, as the engine sound clearly indicated, so that
the points on the Farnboro indicator cards are vzidely

38L14~3

lispersed, especially at the pressure peaks. The rates
)f prewure rise were obtained by considering the lead-

% points of the card. Apparently, rate of pressure
ise and knock do not vary together, inasmuch ti the
‘ates of pressure rise were low at the lower speeds and
ihe combustion-knock audibility remained constant.

The starting point of the pressure rise was dependent
lpon ignition lag and injection advance angle, the latter

Ihoum S.-Effwt of@ on mmpresdonpi—ramreamdrmnbustfoncharaoierhtkm.
Pnalwnmmptfon,3.0X 10+fb.lw&13pmmntexmmalqoylfndarhea.d=shown
in @m 3 (a); Opamnt&ember;mmpresdonratfo, 13.5 N. A. O. A. 7Afeel
primp and 13Afnel vafvmO.W.Mmhnorzlwlen@4iamda Mo, 2.6.

being the greatast perroittid by allowable hock in-
tensity. The start of pressure rise varied from ap-
proximately 10° A. T. C. at 600 r. p. m. to 2° A. T. C.
at 1,800 r. p. m. The ignition lag measured in seconds
was reduced one-half by an increase in engine speed of
from 600 to 1,200 r. p. m., primarily because more heat
was brought to the fuel by the higher air-flow speed.

CONNECTING-PASSAGEDIAMETER

In order to investigate the effect of connectirg-
passage diameter, the 50-percent prechamber was- se-
lected and the diametm of the Connect&a passage was
varied. As in former tests, the single passage used was
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circular in cross section. This shape was retained be-
cause, with a circular passage, there is a minimum chsmge
in cleammw shape as the cross-sectional area of the
passage is increased. A connecting paasage cotidered
too small for practical operation was selected and pro-
gressively enlarged. (%e table Ill) The compression
ratio varied from 13.2 I% 13.7 with change in passage

area. Air-flow speeds through the passagea of different
size used were calculated by the method given in refer-
ence 5 and the results are shown in figure 9.

The general operating and combustion characteristics
of the engine changed as the diametm of the conneob
ing passage was varied and the data recorded during
the tests are shown in table ~.

TABLE III

GENERAL OPERATING CHARACTERISTICS-PASSAGE DIAMETER
@ngfnesped, I#XI r. p. IIL;fuel cmsmnpUon+3.0 X 10+lbJoycM 12 pemont excemaiG oylfndorhead an shown f. dg. 8 (8);compr=sionI’WO,13.6N.A. O.A. 7A

fnolpmnp and MAfud valvq 0.&9Mnchnozzle;length-ifwneterratfo,M.]

‘%i::::T-::Tmnall---- Qnfek regular-------- None.—.-.-... LighL
MB. T. O. to 2 k T. O—--–_ -.–-..--– ._do_-
11B. T. O. to 1A. T. O—..___.- –.---—--- &J3_—-_ Ll@t knwk, m@or ----- Imrw car. InhOrIlng mr.

11B. T. O. to 1A T. O------------ Km------ 103----- Mdhun knwk, regnler---- _-do. ._.--... D;.
10B. T. O. to 1A. T. O—------ EQ----- lm____ Hard knwk, m@ar____ .--do _.-.._ Do.

103----- leu..-–– Dull knmk, hvwI18L_..._ .-—do . . . . . . . Do.
lm–___ 130_____ _...do_-._._.–_._ . . ..- . . . . . . . .

1Erc3fonofpiston crownpreventd complete,$Qw.t@.
t IZxcamheatingofexhanstvolveand mnnffol pmvenkxlmmpleta &

Motoring Ch~CtSriStiCS shown in @ure 10 indicate
that friction increases mpidly when passages of less
than %-inch diameter are used. The large effect on
friction mean effective pressure in this range is due
mostly to pasaage throttling losses because the mechan-
ical and induction losses remain nearly constant (refer-
ence 6). The pressure difference between chamber
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FIacnm 9.—EeloMomhfpof air-flow@ to a’ank positionemdpasago dfametm
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rod. EngIno8peed,l#13r. P. rm;cylfndorheadesehomIfn5gnm3 (a);Wpermnt
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and cylinder is greater with the smaller passages than
with the larger ones, which approach the integral
combustion chamber condition and show little pressure
i&mence. Figure 11 is a representative motoring
card and shows the lag of chamber pressure behind
cylinder pressure. The effect of speed on compression
pressures and fiction mm effective pressure is shown
in ii.gge 12. These curves illustrate the increasing

Passoqe diomefer,inch

FImmE10.—Eflectofpassagedhrnetw on motoringobar@QMca. Enginesped,
W r. P. n; oylfndarhead as shown fn @m 3 (a); comprmsfonratio, 133 Q
mrcent CbEonixr.

I
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effect of the passage area on the different variables as
the engine speed is increased.

Figure 13 shows that, for the clearance shape used in
these te9ts, a connecting passagO of approximately %4
inch in diameter will give nearly optimum performanm
over the speed range invcatigated. Because the &-
flow velocity through the passage depends on engine
speed, the consistent performance over a wide speed
range indicates that the longer time available for the
preparation of the mixture at low speeds compensates

-z . .
.<:~ ..

..... . :.<
...-- -. . ,..s

s.- ..:

tling of the small passages. Throttling becomes less
important with decrease in engine speed and the result-

@ P&orm~ce curves at 1,000 and 500 r. p. m. me
quite flat. In the design of a prechamber, this lack of
sensitivity at low engine speeds is therefore advanta-
geous because an optimum passage size for the maximum
engine speed can be selected tmd the performance at
lower speeds will not be adversely Mected.

Figure 13 shows at 1,500 r. p. m. an increase in igni-
tion lag and a decrease in the rate of pressure rise in
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for the lower velocity of the air through the passage
and makes good performance with satisfactory engine-
operating conditions possible over a wide speed range.
In this instance, the criterions for satisfactory engine-
opemting conditions me modarate cylindar pressures,
rates of pressure rise, and combustion sound. At
1,500 r. p. m., while the smallest passage wa9 on test,
the prcasure in the chamber could not be mesmred
because the engine-operating conditions caused the
repeated failure of tbe pressure-measuring apparatus.

Although the combustion is evidently better at high
speed and with small passage diameters, the perform-
ance is not the optimum owing to the excessive throt-

both chamber and cylinder as the pamige diam’eter is
increased. Increase in ignition lag in the tests of
passage sizes ranging horn %inch to l~~inch diameter
was accompanied by an increase in combustion knock;
however, for the two larger passages the ignition lag
increased slightly, but the combustion knock became
less intense. (See knock rating of table Ill) In the
opinion of some invdigators, combustion knock is
caused by a high rate of pressure rise. The results of
these teats indicate that this condition is not always
true because, at a speed of 1,500 r. p. m., the pwsage

giv@g the highest rate of pressure rise gave the quietwt
engine operation.
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A conclusion drawn from the results of these teats is
that combustion knock is more dependent upon ignition
lag than upon rate of pressure rise; however, the effect
of a small change in either condition is not consistent.
The tests made at 1,000 and 500 r. p. m. (@. 13),
owing to the lesser velocities of air flow at these speeds,
do not show trends as sharply defied aa those shown
at 1,500 r. p.m. At each speed, the injection advance
angle and rate of fuel injection were held constant for
the series of passage diameters tested.

The curves show that some combustion-pressure con-
trol can be obtained by means of small passage diameters
because with the %inch-diameter passage the ratea of

Presaure rise are higher in the chamber than in the
cylinder. The equivalent data could not be obtained
from either of the two smaller passages because, after
short power runs, the piston crown was dangerously
eroded by the impingement of the concentrated jet of
burning gases issuing from the small pass~e. Small

pas=gm, however, do give good mixture control and
minimize the effects of irregularities of the fuel-injection
system, such as small variations in the start of injection.
This effect is shown by the small cyclic variations in
cylinder explosion prwsure as measured with the bal-
anceddiaphragm pressure indicator. The combustion
obtained using the largest passage tested was so slow
that the eshaust valve and exhaust manifold becamo
red hot after a few minutes of operation.

Supplementary tests made at maximum allowable
advance angle are represented in figure 13 by the
points that do not fall on the curves.. These runs were
made because it was found that the explosion pressures
were decreasing with an increase in passage diameter
and it was considered advisable to determine whether
the best performance could be equaled by advancing the
injection and thereby raising the explosion pressures.
The results of these tests at maximum allowable advamce
angle show that, although the m-um explosion pres-
sures were considerably increased, the performance
was only slightly improved. The combustion hock
under these conditions was much worse than when
testing any passage and using optimum injection
advance angle.

COMBUSTION-CHAMEERSHAPE

Clearance &&ibution and connecting-passage diam-
eter were considered the most important variables in
the d+ign of a prechamber cylinder head and therefore
they were extensively investigated. Several lesser
variables that contribute to the performance character-
istic of the combustion chamber were also investigated.

The prechamber was kept at 50 percent of the total
clearance for most of the tests, and the connecting
passage was maintained at %~-inch diametm or the
equivalent area. Although these proportions are not
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the optimum for prechamber design, the saorifice in
performance was sufficiently sm~ to justify their use to
maintain continuity throughout the entire investigation.

The passage was brought inta the chamber radially
rmd tangentially (fig. 3 (b)) by using inserts designed and
constructed to permit such variations. When the
tangential passage was used, the direction of the pas-
sage to the cylinder was changed by rotating the chamber
cap and passage insert as a unit into positions as far as
72° to the right and to the left. The ends of the passage
were successively flared to determine the effect of
passage flaring.

The cflect of prechamber shape was investigated for
Q limited series of tests. Analysis and twt results
indicated the advisability of confining the test shapes
to volumca of revolution in order I%conserve the residual
air flow within the chamber. The sphericaI chamber

of the first teats was changed to a disk rounded at the
outer edge and arranged vertically so that the plane of
the disk was parallel to the axis of the engine cy.bder.
The connecting paasage was introduced tangentially to
the disk (fig. 3(c)). Three injection-valve locations
were provided us shorn, and power trots were made
with the fuel valve in each.

The effect of increasing the quantity of air rotated
in the prechamber was investigated by changing the
volume of a spherical chamber from 50 to 70 percent
of the clearance volume. The tangential passage was

substituted for the radial passage and comparable tests
were made. The approximate direction of the air
flow for both the 50- and the 70-per&nt chambem
with radial and tangential passages was indicated by
air-flow patterns made by etirding a number of copper
nibs inta the auxiliary chamber from a gasket clamped
between the two parts of the chamber, as described in
reference 4. In order to take the ah-flow patterns,
the engine was started from rest, motored up to 1,500
r. p, m, as quickly as possible, and then stopped. The
vmiation in perfommmce when the engine was operated
with the fuel valve first in the central and then in the
top injection-valve location wae determined for both
prechambers.

The general operating characteristic of the engine-
that is, starting and idling ability, cyclic regtiarity,
and combustion shock—were little affected by any
of the changes made during these tests. A change
from the Diesel fuel used in previous teatsto Auto
Diesel fuel greatly reduced the combustion knock,
increased the injection-advance-angle range, and de-
creased the cyclic variation in maximum cylinder pres-
sure from &75 to +40 pounds per square inch. Some
combustion knock was present in all teds but was not
considered serious. The rates of pressure rise in the
cylinder and the prechamber were, respectively, 68 and

45 pounds per square inch per degree at 1,500 r. p. m.
with the best combination of variabl= covered ~ fi
report. Rates of prwswre rise for previous work, in
which the spherical chamber and the original fuel were
used, were in the order of 85 and 75 pounds per square
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inch per degree at 1,500 r. p. m. for cylinder and
chamber, respectively.

The purpose of directing the passage tangentially to
the chamber instead of radially was h create a high-
velocity, rotational, residual air flow in the auxilimy
chamber to improve the fuel and air mixing. Table ~
shows the effects of flaring and of changes in the inten-
sity of the rotational air swirls obtained by several
combinations of connecting p-e. Flaring the
passage had very little effect on the performance.
Several other methods of spreading the gases over the

I piston crown were tried, such as an elliptical passage
insert and a three-paskage insert designed according to
the proportional+mifice principle (reference 7). The
tiect of these changes on the performance was also
negligible.

As a rotational swirl was found to be effective in
the chamber, it was decided to determine the effect of
a swirl in the cylinder. This eflect was produced by
changing the passage direction in the cylinder. Carbon
deposits showed that a swid was produced, but there
T&Mno appreciable improvement in engine performance.

TABLE IV

EFFECT OF PASSAGE DIRECTION AND FLARE ON ENGINE PERFORMANCE

[- consumptfo%3.2SXlO+lb@yol&no~ SIGoylMorh&MIm shownin fig.3 (b); mmprmirm ratio, 13.&N. L O.A. 7Afuel pump and 13Afuel volve:0.0S04noh
n- M@.Wamotar ratio, 2q
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lb~- ~ lb@@- W%’ lb,fip .~ @&p* lb~.~.~~. ~ E&!%’.lbJLbp h. lbJb.bp..br.. . .. .
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;~ g ~ 0:: 0.43 141 104 7’2) 0.33
.49 144
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Table V shows the tiect of changing the prechamber
ahape from a sphere to a disk of equal volume and also
the effect of fuel-valve location in the disk chamber.
Tangential passages were used in both cases. The disk
chamber with tbe injection valve in the central loca-
tion gave an improvement in i. m. e. p. at 1,500 r. p. m.
over the spherical chamber under similar conditions,

which can be attributed to the fact that in the disk
chamber the low-velocity zonw of the spherical chamber
were removed and the rotating mass of air was in the
zone of the single fuel spray and the connecting passage.
This relation of chamber shape and fuel spray evidently
resulted in better mixing in the prechamber with the
resultant improved perfommnce.

TABLE V

EFFECT OF PRECHAMBER SHAPE AND FUEL-VALVE LOCATION ON ENGINE PERFORMANCE

FTlol~,~%3MXlfilbJ*m=c=~ 0YWhE3dfSdmWnbI~ 3(b) fmd3(@; wm&x?&ionrat!o,13.&N. A. O.A. 7A fmlpump ond 13. fual vatve;
O.WMmbnozzlq engthdlametnrratio,

SPHEFtIOAL OHAMRER (FIG. 3 (b))

L m 140 XC m m m 0.30 0.39 0.40 a43 m 140 91 la5 740 7e0 0.33 a 40 a4s 0.s4

DISKO~ER (IIG. 3(0))

3_ 99 124 n m m 0.40 0.44 QM abs 101 la 09 92 m 7!53
1%

a 37 0.46 CL6J CL6J
%! :: H; llo % %! :$

.47
:2L .47 :%’

740
:: !Z 1% M’ 740 %’ :E :Z .43 .61
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The effect of fuel-valve location is also shown in
table V; the great difference in mminmm power for the
three fuel-valve locations provided in the disk chamber
indicates the importance of the position of the fuel spray
relative to the air movement. The best perfomrmce
was obtied with the spray axis from the single-orifice
nozzle directed in the same plane with the air flow and
at only a small angle from the direction at right angles
to the air flow. The spray was also directed toward the
connecting passage. The worst performance was ob-
tained with the fuel valve in the lowed position (see
fig. 3 (c)) in which the spray was injected countar to
the air flow and, with the injection timing used, should
have penetrated directly through the passige to the
cylinder. The fact that the fuel did penetrate at least
to the passage was indicated by carbon formation
around the mouth of the passage. This arrangement
was made to obtain a rich mixture adjacent to the pas-
sage ready to be ejected into the cylinder by the pressure
resulting from the combustion in the chamber. The
chamber cap was rotated 180° so that the lower valve
position was in approximately the same location but the
spray was directed, not through the pasaage~but above
the entrance to the passage and at an angle to the air
flow, not counter to it. This condition increased the
brake mean effective pressure approximately 10 pounds
per square inch over that originally obtained with the
fuel valve in the lowest position.

An analysis of previous work indicated that the
greater the amount of air in motion the better would be
the mixing of the fuel and air and, consequently, the
better the performance. A tangential passage in con-
junction with a chamber that contained a linger per-
centage of the clearance volume was used to increase
the quantity of air in motion. Table VI shows that
this analysis was correct for spherical chambers be-
cause, with the fuel valve in the central location, the
improvement in the performance with increase in cham-
ber volume was greater when a tangential passage was
used than when a radial passage was used. lhcrease in
rotational, and probably residual, air-flow- velocity due
to the tangential passage was sufficient to make an ap-
preciable difference in the performance. The inves+
tion was made with spherical chambem although the
maximum performance would be less than with the disk
chambers; the indicated trend, however, should be the
same for both auxiliary-chamber shapes.

The tangential connecting passage was used because
introducing the air tsmgentially to a volume of revolu-
tion assisted in setting up a rotational swirl in the
chamber, which should persist after the piston had
reached the upper limit of its travel. Aa this residual
air flow was believed to be the cause of the increased
power, every attempt was made to intensify and pre-
serve the flow. This theory could not be definitely
proved because there are no means available for meas-
uring the velocity of the flow; the predominating direc-

ion of the air flow, however, was determined by means
f the air-flow patterns. The radial passage to the
me chamber also showed rotational airflow but of less
Itensity and in the opposite direction. This condition
w probably caused by the short passage used, which
ermitted some air hwm the cylinder to pass directly
Ito the prechamber without being directed by the

-e. (SSS fig. 3 (b).) The passage was as long as
be construction of the head would permit.

TABLE VI

IO?I?ECTOF PASSAGE DIRECTION PRECHAMBER
VOLUME AND FUEL-VALVE LOdATION ON EN-
GINE PEtiORMANCE

@ W@ LWJr. p. u fuel mmmptfon, 2.25XW Ib OYOI“ no arcnss*
Onratlo, d 1%’. AO.A.7A

PmnPand 18Afnelvolm 0.0W4no!$nozzl.Hh.dfameti m%., 2.5]
oylfndorbeadnsshownfn&8 );com

FUEL-VALVE LOCATION 2

As the air flow with either passage is rotational, the
iiTerenccs in performance shown for the different fuel-
alve locations (table VI) are more readily understood.
t was found that with either passage in the spherical
hamber the performance W= improved by injecting
mefuel at the point %pstream” on the circumference
f the chamber. lhcation 1 was better when using the
dial passage and location 2 better when using the
qential passage. (Seeiig. 3 (b).) h the disk cham-

er, injecting the fuel nmr the passage mouth but
irectly toward the passage gave the worst results.

CYLINDSR-CLEARANCESHAPE

In the tests of clearance distribution and passage size,
domed piston crown was employed. At the conclu-

.on of these tests, the performrmce with the domed
row-nwas compared with that using first a flat crown,
>cond a dished crown, ~d third a p~ton CrOWUwith
U the cylinder clearance concentrated in front of the
mnecting passage. Extensive tests were made using
& latter type of piston crown, but the perforw.mce
-as inferior to either of the other two piston crowns.
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For the sake of convenience in testing, subsequent
tests were made using a flat piston crown since there w-as
little difference between the performance of the flat and
the domed crown piskm.

INJECTIONSYSTEM9

The 50-percent disk chamber with the tangential
passage was assembled with head 7 at a compression
ratio of 13.5 and, using fuel-valve location 1, the injec-
tion system was varied to determine the effect on engine
performance. Three fuel pumps having widely d.ifler-
ent characteristics were selected and tested with difFer-
ent fuel-valve asembliea that gave a variety of injec-
tion systems. The N. A. C. A. 7A and the commercial
fuel pump used were cam-operated and .of constant
stroke but had diflerent rates of displacement. The
third injection pump was the ‘N. A. C. A. 12, a cam-
operated plunger type, but one in which injection is
caused by the release of pressure stored in a reservoir of
correct volume. This pump in combination with the
correct valve gives a fast rate of injection and was used
to obtain a shorter-injection period than that of any
of the other pump and valve combinations. The
N. A. G. A. 7A fuel pump and the single 0.050-inch-
diameter ofice were used to determine the effect of the
oriiice length-diameter ratio. Rwn.dts obtained by
using multiple oriiices to distribuiw the fuel by injec-
tion as well as by air flow were also determined. Tests
of a pintle nozzle with two different fuel pumps were
included in the injection-system investigation. With
the injection system that gave the best engine per-
formance, tests were made to determine the eflect of

injection advance angle and fuel quantity on engine
performance.

In order to improve the inherently poor starting
characteristics of this type of combustion chamber, a
series of starting tests was made, injecting the fuel
directly into the cylinder insted of into the prechamber,
An 0.008-inch-diameter oriiice nozzle was used with a
valve~pening preasnre of 2,500 pounds per square inch.
The size of the orhice used lirnhkd the fuel injected to
very small quantitkw. The engine was motored at
gradually increasing speeds until the engine started
tig and the speed could be maintained under its own
power. For comparison, this procedure was repeated
with the same fuel nozzle in the prechamber.

Table V31 shows the results of the injection-system
tests. The object of these tests was to obtain a fuel
spray the characteristics of which best suited the
50-percent vertical-disk chamber and tangential passage,
the arrangement that had given the best performance
for this size of chamber. kjection period was the only
spray characteristic accurately measured because in

thk type of chamber with its high air-flow speed other
characteristics, such as distribution of fuel within the
spray and spray cone angle, should not be critical.

& shown in the table the optimum performance based
on the i. m. e. p. at flame start and full load was ob-
tained using the N. A. C. A. 7A fuel pump, 13A fuel

valve, and 0.050-inch nozzle with a length-diameter
ratio of 6. Multiple-orifice nozzles were tried but, as
they were definitely inferior, the performance is not
included.

TABLE VII

EFFECT OF INJECTION SYSTEMS ON ENGINE PERFORMANCE
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hlarked improvement in the capability of the eW”ne
to start at a temperature of about 70° F. wss obtained
by injecting the fuel into the cylinder. By the use of a
nozzle with a single 0.00%nch-diameter oriiice and the
injection of only a small percentage of full-load fuel
quantity, the engine could be started by motoring the
engine at from 200 to 300 r. p. m.; wheress, when the
fuel was injected into the chamber with the same nozzle,
n speed of 600 to 700 r. p. m. wns required. J_mprove-
ment in starting is due to a higher temperature in the
cylinder.

Figure 14 shows the results of tbe variable-injection-
ndvance-rmgle tests. These curves are characteristic

ln~”ecfionodvonce ongle,degrees

FIOWBE14.—Efl02tof fnjwtfon advancn @e on engfna fxrformanw. Engfne
sP@ lW r. p. m.; fuofcommmptfoq3.0x 10+rb./oycl~u pemont~ *
oyffndmhd es shownfn figure3 (o); compmsfonratio, 13x N. A. O.A. 7Afuef
pllmp and 13Afuel V81W0.053fnchnorzkj k@h&3rnet6r mtfO,26.

of the prechamber type of ‘combustion chamber. For
these tests the optimum advanm angle was 7° before
top center because at this point increase in mean effec-
tive pressure stopped while increase in mtium cylin-
der pressure began.

The results of the vmiable-fuelquantity test are
shown in figure 15. The curve of mean effective pres-
sure fqy.inst fuel quantity shows the characteristic
straight line at small fuel quantities but, for the com-
bustion chamber under tit, the curve contimm s~oht
to comparatively large fuel quantities. The mean

/80

/60 ,
0 Lao., 7°
x i.e.0.,11” -1 nd’o fed

140 P -

/ /

Fuel qucmfti,lA/cycle

FIGURE16.—Effeotof fnaf qnontlty on enghe @cmnanm. Engine spaxi, l#M
r. p. m.; oylfndmhmd es shownfn &gore8 (o);mmpresdonratfo,KM;N. A. O. A.
7Afuelpump and ISAfuel valve;O.OiYMncbnode; Iangth-dfametorratfo, 6.

effective pressure varies linearly with the quantity of
fuel injected up to a fuel quantity of 2.25X10-4 pound
per cycle (air-fuel ratio approximately 23) but the curve
begins to droop at this point; when the fuel quantity is
increased to 2.90X10+, flame appears in the exhaust.
With this type of combustion chamber, flame appears

in the exhaust before smoke. Both flame and smoke
can be seen in the exhaust at full-load fuel quanti~.

The points of fime 15 that do not fall on the curve
represent the data obtained at a 4° increase of
injection adrance angle. It will be noted that
explosion pressure increased out of proportion to
increase in engine performance, and therefore

the
the
the
the
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injection advance angle was not further increased. In
rdl except these twts the injection advance angle was
determined by the combustion sound. b these teats,
although the sound of combustion became more intense,
the condition was not considered dangerous.

At the full-load fuel quantity during the variable-
load run, made with the best combustion-chamber
shape and fuel-injection system, indicator cards typical
of those obtained from this engine were taken horn the
chrtmber and cylinder (fig. 16). The rates of pressure
rise determined from the indicator diagrams are 68
and 45 pounds per square inch per degree for the cylinder
and prechrunber, respectively.

COMPRmSfONRATIO

The lack of engine data concerning the influence of
compremion ratio on engine operation and perform-
ance made an investigation of compression ratio &sira-
ble (referenm 8). An attempt was first made to follow
the usual procedure of changing only one variable at a
time. After some preliminary tests, however, this
procedure was found to be so expensive that it was
decided to permit variation of the clearance distrib-
utionand to change the compression ratio by raising or
lowering the head, i. e., by varying the cylinder-clww-
ance volume. lhplosion pressures were kept nearly
constant by controlling the injection advmce angle.

The results of the tests at different compression
ratios are shown in figure 17. The curves have been
plotted without correcting for the change in performance
due to the increase in relative chamber size, which would
amount to about one-half the mean-effective-pressure
inorease shown at the highest compression ratio.
When the chamber size is taken into account, there is
still a small but definite trend toward an increase in
indicated power with an increase in compression ratio.
This trend is in agreement with theoretical analysis,
which indicates higher cycle efficiencies at higher
compression ratios. The brake performance shows
very little chmge, possibly because the increased cycle
efficiency at the higher compression ratios w= counter-
acted by the decreased mechanical eficiency.

Starting and general operating clmractaistics im-
proved with increasing compression ratio. At the
highest compression ratio, the increased compression
temperature reduced the ignition lag imd caused the
combustion knock to soften and practically disappear.
As the compression ratio was increased, it ma found
necessary to reduce the injection advance angle by
several degrees in order to hold the cylinder pressure
constant throughout the tests. Limitation of maxi-
mum cylinder pressure, however, did not result in a
loss of power; in fact, short tests at higher cylinder pres-
sures in some cases showed a slight impairment of
performance.

Indicator cards taken at each compression ratio
illustrated very clearly the decrease in allowable pres-

mre rise as the compression pressure approached the
mmimum cylinder pressure; the only gain in perform-
mce was from the higher cycle efficiency. A decrease
n the rate of pressure rise is also shown on the cards, but
)therwise they have the same general shape as the cards
mretofore presented; therefore they are not included.
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With the disk chamber, the greatest compression
ratio that could be obtained was 17.5. The trend of the
curves indicates, however, that there would be no im-
provement in brake performance at l@her compression
ratios. Although an optimum compression ratio is not
clearly defined, the b. m. e. p. at flame start, the easier
starting, and the quieter operation favor the use of a
high compression ratio in this type of engine.

BOOSTING OF AIR CHARGRS

Boosting tests were conducted on the engine assem-
bled with the optimum combination of variables. For
continuity- throughout the investigation, the compression
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ratio ‘was retained at 13.5. A Depahna supercharger
with a 12-cubic-foot surge tank was connectid to the
engine and variable-load runs made at boost pressures

w-n-+ I
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of O,2.5, 5, 7.5, and 10 inches of mercury at 900, 1,200,
and 1,500 r. p. m. At 1,500 r. p. m. one point was
taken at the highest boost pressure obtainable with the
supercharger used, about 13X inches of mercury.
Explosion pressures were kept nearly constant by retard-
ing the injection advanca angle as the boost pressure

was increased. At 1,800 r. p. m. power tests were made
at each of the test pressures at the flame-start fuel
quantity and at one larger fuel quanti~. Friction
tests were made by motoring the engine after each power
run at the different boost pressures and engine speeds.

The effect of boosting a prechamber type of cylinder
head was rather thoroughly investigated becrmee the
authom could fmd no references to previous teats by
other invediggters. However, only the data at 1,600
r. p. m., which are representative of the entire family of
curves, are presented (fig. 18). The m. e. p. curves are
quite conventional in shape and, at an air-fuel ratio of
14.5, show a constant increase of from 3 to 4 pounds per
square inch per inch of boost pressure.

The objective of holding tho explosion preawm con-
stant while the boost pressure was varied during the
tests was not exactly accomplished, but the increaae
in explosion pressure shown was within the limitations
of the equipment used. Explosion pre9surea were
controlled by varying the injection advance angle,
which was 7° at zero boost pressure and was progres-
sively retarded until at 10 inches of mercury the injec-
tion advance angle was only 2°. Since the compres-
sion prcsrre increases with boost pressure and the
maximum cylinder pressure was kept constant, the
amount of fuel that could be burned at or near top
center was decreased by retarding the injection. If it
had not been necessary to decrease the injeotion
advance angle, the gain in power with increased boost
pressure would have been slightly greater because
more fuel could have been burned at or near top center
with a resulting greater efficiency. Because of the
higher compression pressures with the consequent
reduction in ignition lag, howevar, the power loss was
not nearly so great aa if the injection advance angle
had been reduced the same amount at zero boost
pressure.

In view of these facts, it is possible that it might be
advantageous to use a compression ratio lower than
13.5 for boosting because the compression pressure
would be low-m and a greater useful pressure rise could
be used. The influence of boost pressure on the com-
bustion shock would permit a lower compression ratio
to be used because the combustion shock is diminished
with increased inlet pressure, although n lower com-
pression ratio alone would increase it. At the boost
pressure of 7.5 inches of mercury, the sound of the
engine was very satisfactory at all loads and at each
test speed.

An examination of the curves presented herein shows
that the fiction mean effective pressure, neglecting
supercharger friction mean effective pressure, did not
decrease with increase in boost pressure. This observa-
tion appliw for all ted speeds. With the integral
combustion-chamber type of cylinder head, Lhe friotion
mean effective pressure, also neglecting the power
required by the supercharger, was found to decrease
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slightly with increase in buost prewue. This condi-
tion did not exist with the type of cylinder head under
test, probably because of the increase in pumping
loss as the weight of ti forced through the connecting
passage is increased. At large boost pressures the

higher pumping losses more than offset the work done
on the piston during the intake stroke, which resulted
in a slight increase in friction mean effective press~e.

In these tests the connecting passage was maintained
at a fixed diameter, which is probably not the best con-
dition. The ideal way of conducting the tests would
have been to determine and use the correct passage
size for each boost prwsure. The injection period was
too long at l@h boost pressures, as the injection system
is designed to deliver, in approximately 20 crankshaft
degreea, a fuel quantity of 3.25X 10-’ pounds per
cycle, which is full load at zero boost. The full-load
fuel quantity and consequently the injection period,
however, increase with boost. At high boost pressures,
therefore, the injection period continued too long after
top center for efficient combustion. It is believed that
the perfonmmce at the optimum boost preswre would
be improved if the correct passage area and injection
period were used; however, the scope of these tests did
not include the detednation and application of each
of these conditions. With this ty-pe of combustion
chamber improvement in engine performance by scav-
enging the clearance volume is praoticilly impossible
because all the clearance should be in the prechamber
away from the valves. Furthermore, owing to lack

of mechrmicrd clearance when the piston is on top
center, both valves must be closed. This condition is
improper for the best exhausting and air charging,
which limits the speciiic output.

CONCLUSIONS

The following speciiic conclusions are presented:
1. Clearance distribution:
(a) For maximum performance the prechamber

should be relatively as large as is practicable; however,
lower cylinder pressures, less combustion knock, and
less heat loss to the cooling water occur with the smaller
chamber sizes.

(b) The size of the prechamber has a negligible effect
on friction mean effective pressure and compression
prwsurea.

(c) Variation of clearance distribution only, for a
fixed ratio of prechamber volume to connecting passage
area, does not sufficiently control combustion or elimi-
nate combustion knock.

2. Connecting-pasmge diameter:
(a) For the engine size and combustion-chamber

design used in this investigation, the cormecting-pas-
sage diameter should be between ~%1and 1%1inch, or
the equivalent area; the i. m. e. p., the fuel economy,
and combustion knock at 1,500 r. p. m. favoring the
smaller passage size.

@) The size of the connecting passage becomes less
critical as the engine speed iE decreased. It is therefore
possible to select a passage size for maximum operating
speed and still have good performance at the lower
speeds.

(c) The fiction mean effective pressure due largely
to throttling 10S9Wwas excessive when a passage diam-
eter of less than ‘Xi inch was employed; however, for a
passage diameter equal to 2%4inch, the fiction mean
effective pressure was acceptable and the rate of de-
crease with increase in passage area became much less.

(d) It was impossible to obtain both high perform-
ance and combustion-pressure control with any com-
bination of variables tried in this investigation.

The general conclusions are:

From the rwults of this investigation of the pre-
chamber type of cylinder head, several optimum con-
ditions are evident. Ii’or maximum performance of
this engine, which has a 5-inch bore and a 7-inch stroke,
the compression ratio should be between 15.5 and 17.5,
the prechamber should be relatively as large as possible,
disk-shaped, and connected to the cylinder clearance
by a single passage the area of which is determined by
the highest engine speed. Entering the chamber
tangentially, the passage should cause a strong rota-
tional air flow and, upon entering the cylinder, should
be flared to spread the issuing gases over the piston
crown. The injection system should deliver full-load
fuel with atmospheric induction in the shape of a
narrow conical spray of high penetration requiring
approximately 20 crankshaft degrees for injection.
This spray should be directed across the disk chamber,
with the air flow, toward the mouth of the connecting
pasaage. The spray direction greatly affects the

-e performance. Considerable improvement in
engine performance and combustion knock can be
obtained by boosting.

As all of the clearance should ba in the prechamber,
proper valve timing and scavenging are prohibited, a
condition which limits the speciiic output.

LANGLEY MEMORIAL &ORONAUTICAL kOUTORY,

NATIONAL AD-ORY COMMITTED FOR AERONAUTICS,

lLWGLEY FIELD, VA., July 7,1936.
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